Abstract: Thermal stress relief (TSR), vibration stress relief (VSR), and thermal and vibratory Stress relief (TVSR) have all been proven to be effective for residual stress relief. So far, no comparison has been made between the effects on residual stress relief of these three stress release methods. In this study, twelve 2219 aluminum alloy welding samples were divided into four groups. One of the groups is used as a reference without any stress relief treatment. The other three groups were processed by TSR, VSR, and TVSR, respectively. The residual stresses of depths of 0-1.2 mm are measured. Results show that small and uniform stresses are observed in the 2219 aluminum alloy welding samples after TSR, VSR, and TVSR treatment. TSR treatment decreased the peak residual stress much more than VSR and TVSR treatment. The maximum reduction of the peak residual stress is 50.8% (210 • C) in the transversal direction and 42.02% (185 • C) in the longitudinal direction after TSR treatment with the temperature range 140 • C to 210 • C. In terms of residual stress homogenization, although the TSR treatment has an advantage perpendicular to the weld direction, the effect parallel to the weld direction is not ideal. The TVSR has a good effect in both directions.
Introduction
In spacecraft tanks, 2219 Aluminum Alloy is widely used for its excellent high and low temperature mechanical properties, and strong stress corrosion cracking resistance [1] . Due to the shape requirements, many 2219 Aluminum Alloy components need to be connected by means of welding. Significant and uneven distribution residual stress is inevitably induced inside the welded components for its local non-uniform heating and cooling process [2, 3] . The residual stress and the working stress caused by the load are superimposed on each other during the service of the weldment, causing secondary deformation and redistribution of residual stress, which not only reduces the rigidity and dimensional stability of the welded structure, but also the fatigue strength, brittle fracture resistance, resistance to stress corrosion cracking, and high temperature creep cracking of the structure will be seriously affected [4] [5] [6] . These effects are very unfavorable for structural performance, safety, and reliability of welded components. Thus, stress relief is a necessary technology before welding components are used. The most commonly used residual stress relief methods are thermal stress relief (TSR) and vibration stress relief (VSR).
TSR refers to the process of relieving residual stress under temperature by heating, holding, and cooling the parts for a certain time. Bruno et al. [7] studied the residual stress distribution and microscopic changes after isothermal annealing treatment of metal matrix composites by means of neutron diffraction. In order to adjust the residual stress state of the satellite box and reduce the processing deformation, Younger et al. [8] studied the quenching process, mechanical deformation treatment, and thermal aging treatment of the two aluminum alloys, thus effectively solving the problem. Tanner et al. [9] performed a thermal aging treatment at 170 • C for 12 h on the forging of aluminum alloy 2014 after solution treatment, and the results show that the residual stress amplitude decreased. Edwards et al. [10] evaluated the residual stress state of the weld seam after 45 min of post-weld thermal stress relief of the weld at 760 • C. The results show that the post-weld thermal stress relief can effectively reduce the residual stress caused by welding.
VSR works by applying a cyclic load for a certain time. Hebel et al. [11] studied the effect of VSR at sub-resonance frequencies on the residual stress relief of welded structures. The article considers that the sub-resonance frequency is the preferred excitation frequency for the residual stress release of the weldment. Rao et al. [12] established a mathematical model of residual stress relaxation under dynamic stress, proving that the evaluation of the effect of vibration aging by dynamic stress is feasible. Kwofier [13] pointed out that the residual stress is self-balancing and the release of local stress causes the stress of the part to be redistributed, and a plastic model was constructed to simulate the VSR phenomenon. Djuric et al. [14] studied VSR treatment on the residual stresses for welded specimens of ultra-high strength steel. The results show that VSR treatment has a limited effect on the macroscopic residual stress state but significantly increases the damage of the microstructure. Li et al. [15] studied the effect of VSR on the welded components of DH36 high strength low alloy steel, with the results showing that the residual stress of the weld toe is reduced by 29-72% after VSR treatment; the metallographic structure is not changed much, but the dislocations increase. Sonsino et al. [16] pointed out that the fatigue life of the parts after VSR is equivalent to that after high temperature thermal aging, but the residual stress elimination effect is not as good as the thermal aging.
The Thermal and Vibratory Stress Relief (TVSR) is a combined method of TSR and VSR. Under a certain temperature (the organization and mechanical behavior of the workpiece should not be affected), a cyclic dynamic load is applied to a workpiece to achieve the relief and homogenization of the residual stress. Lv et al. [17] compared the residual stress release effects of TVSR and VSR treatment and the experimental results showed that the maximum stress in the high stress region after TVSR treatment was reduced by 55.9%, which is greater than the result after VSR treatment. Li et al. [18] applied the waste heat to VSR during a multi-pass welding procedure, with the result indicating that the method seems more effective in decreasing the residual stress.
As can be seen from the above studies, TSR, VSR, and TVSR treatment have all been proven to be effective for residual stress relief. So far, no comparison has been made between the effects on residual stress relief of these three stress release methods. In addition, due to the rapid heat input and cooling during the welding process, the residual stress has a distribution unevenness in the direction perpendicular to the weld seam and along the depth direction of the weld component. However, most of the current research focuses on the evaluation of the effect on residual stress relief and homogenization on the surface of the weld parts. In this study, twelve 2219 aluminum alloy welding samples were divided into four groups. One of the groups is used as a reference without any stress relief treatment. The other three groups were processed by TSR, VSR, and TVSR, respectively. The residual stresses of depths of 0-1.2 mm are measured to compare the relief and homogenization in stress.
Materials and Methods

Welding Samples
The overall size of the welded sample is 300 mm × 300 mm × 8 mm (length × width × height), which is formed by arc welding of two identical 2219 Aluminum Alloy-C10S sheets on a welding platform. The welding platform and the structure of the welded assembling is schematically shown in Figure 1 . The welded sample is placed under the clamping device and two plate clamping devices are fixed on the platform by four bolts. The distance from the side of the plate clamping device to the centerline of the weld seam is 25 mm. The measurement points of the residual stress are arranged 63 mm from the end of the welding. There are 4 measuring points, P1, P2, P3, and P4, located 0 mm, 15 mm, 30 mm, and 45 mm from the center of the weld seam, respectively. Six measurement values are taken along the depth direction of each measurement point, which are located at depths of 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, 1.0 mm, and 1.2 mm, wherein the transversal direction represents a direction perpendicular to the weld seam, and the longitudinal direction represents a direction parallel to the weld seam. The chemical composition of the 2219 Aluminum Alloy used in this study is shown in Table 1 [19] . Specific welding parameters and the filler materials are listed in Table 2 . 
Experiment Scheme
In this study, twelve 2219 Aluminum Alloy welding samples were divided into four groups. As shown in Figure 2 , one of the samples, called Group O, is used as a reference without any stress relief treatment. The temperature of TSR treatment must be lower than the recrystallization temperature of the alloy. Thus, the TSR treatment with temperatures of 140 • C, 185 • C, and 210 • C are conducted on the samples in Group A and maintained for 8 h [20] . In order to prevent residual stress from being introduced due to uneven cooling, the samples are cooled to room temperature in a furnace. The samples of Group B are used for VSR treatment with different excitation frequencies. The selected excitation frequencies are 40 Hz, 56 Hz, and 72 Hz, corresponding to sub-resonance frequency, resonance frequency, and over-resonance frequency, respectively. The vibration time for each specimen is 10 min [21] . Among them, 56 Hz is the first order resonance frequency, which was determined by hammer measurement. The hammering experiment uses a high-precision network dynamic signal acquisition and analysis system from the company Yi Yang, model JC-1.
TVSR treatments are performed on the samples in Group C. Specifically, it is further divided into two groups. One group has a fixed temperature at 185 • C, with changes in the excitation frequency (40 Hz, 56 Hz, and 72 Hz). The other group has a fixed excitation frequency at 56 Hz, with changes in the temperature (140 • C, 185 • C, and 210 • C). In the TVSR experiment, the samples are maintained at a preset temperature for 2 h, then the vibration exciter is turned on to start vibration for 10 min. The samples in Group C are cooled to room temperature in a furnace.
Experimental Equipments
The experimental device is self-designed and consists mainly of a vibration system and a thermal system shown in Figure 3 . The thermal system covers the vibration system. When TSR treatment is carried out, the vibration controller turns off. The thermal system turns off when the VSR is conducted. When the TSVR is in progress, the vibration system and the thermal system work simultaneously. The residual stress was measured by a Prism residual stress instrument manufactured by the Stress Tech Group of Finland, which is a residual stress measurement device based on the hole-drilling method and electronic speckle pattern interferometry technique [21] , as shown in Figure 4 . A carbide tool with a diameter of 3.175 mm is used in the experiment. The cutting speed is 20,000 r/min. Figure 5 shows the residual stresses at the four-measurement points before and after TSR treatment at different temperatures. The average and peak residual stress at four measuring points in Group O were much larger than Group A. This indicates that TSR treatment can effectively reduce the magnitude of residual stress in 2219 aluminum alloy weldment. In the transversal direction, the peak residual stress in Group O was −81. Table 3 shows the standard deviation and mean value of the average stresses at four measuring points, before and after TSR at different temperatures. When TSR treatment is conducted at 140 • C, the standard deviation in the transversal direction is reduced by a maximum of 78.32%. In the longitudinal direction, the standard deviation decreased by a maximum of 22.1% for TSR treatment at 185 • C. Although the peak and standard deviation were used as the basis for evaluation of stress release and homogenization, the average value was given. This may be helpful for some readers and researchers. Figure 6 shows the residual stress at the four measurement points, before and after VSR at different vibration frequencies. In the transversal direction, the peak residual stresses in Group A were −54.1, −47.2, and −43.8 MPa after VSR treatment with excitation frequencies of 40 Hz, 56 Hz, and 72 Hz, respectively. The maximum reduction was 46.1% (72 Hz) compared to the welded parts in Group O. In the longitudinal direction, the peak residual stresses in Group A were 63.8, 52.9, and 50.9 MPa after VSR treatment with excitation frequencies of 40 Hz, 56 Hz, and 72 Hz, respectively. The maximum reduction was 28.7% (72 Hz).
Results and Discussion
TSR Treatment with Different Temperatures
VSR Treatment with Different Excitation Frequency
By comparing the three sets in Group B, it can be found that the larger frequency decreases the peak stress much more when the excitation frequency is in the range of 40-72 Hz. The peak residual stress changes at each stress measuring point also had this pattern. It is worth noting that the stress of the 2219 aluminum alloy welded part after the excitation frequency of 40 Hz (sub-resonance frequency) VSR was significantly reduced at the points where the stress was large in Group O (P1, P2). However, at point P4, the mean and peak stress was instead higher than that without any treatment. This was probably due to scattering in the initial residual stresses after welding. Table 4 shows the standard deviation and mean value of the average stresses at four measuring points, before and after VSR at different temperatures. When VSR treatment was conducted at 56 Hz, the standard deviation in the transversal direction was reduced by a maximum of 47.83%. In the longitudinal direction, the standard deviation decreased by a maximum of 34.64% for VSR treatment at 72 Hz. Figure 7 shows the residual stress at each measurement point before and after TVSR. In the transversal direction, the peak residual stresses in Group C were −65. Among the five selected parameters, there was no obvious change in the peak stress, whether it was only changing the frequency or only changing the temperature. A moderate temperature at the resonant frequency (185 • C-56 Hz) is more advantageous in the release of residual stress by TSVR treatment in both transversal and longitudinal directions. Table 5 shows the standard deviation of the average stresses at four measuring points before and after TVSR at different temperatures. After TVSR processing, the standard deviation was reduced regardless of which set of parameters was used. The standard deviation was reduced by a maximum of 69.15% (140 • C-56 Hz) in the transversal direction, and reduced by a maximum of 51.86% (185 • C-56 Hz) in the longitudinal direction. Mean values are given in Table 6 . Through the experimental study of three sets of stress relief treatments on 2219 aluminum alloy welded parts, it can be found that all the TSR, VSR, and TVSR treatments can reduce the peak residual stress. By measuring the uniformity of the stress with the standard deviation, it was found that the stresses were more uniform.
TVSR Treatment with Different Excitation Frequencies and Temperatures
Specifically, after TSR processing, the peak stress is reduced the most, TVSR is second, and VSR is the least. In terms of residual stress homogenization, although the TSR treatment has an advantage perpendicular to the weld direction, the effect parallel to the weld direction is not ideal. The TVSR has a good effect in both directions. By comparing Figure 6 with Figure 7 , and Tables 4 and 5 , it can be seen that the 2219 aluminum alloy welded parts subjected to the aging treatment have more uniform stress at the same excitation frequency. By comparing Figures 5 and 7 , and Tables 3 and 5 , at the same temperature it can be seen that the residual stress in both directions is more uniform only when the resonance frequency is applied, while the applied frequency does not have an advantage in reducing the peak stress. However, it is noted that the processing time is only 2 h, while the TSR need 8 h.
